ABSTRACT: A number of different software programs are used to investigate the in vivo wear of polyethylene bearings in total hip arthroplasty. With wear rates below 0.1 mm/year now commonly being reported for highly cross-linked polyethylene (XLPE) components, it is important to identify the accuracy of the methods used to measure such small movements. The aims of this study were to compare the accuracy of current software programs used to measure two-dimensional (2D) femoral head penetration (FHP) and to determine whether the accuracy is influenced by larger femoral heads or by different methods of representing the acetabular component within radiostereometric analysis (RSA). A hip phantom was used to compare known movements of the femoral head within a metal-backed acetabular component to FHP measured radiographically using RSA, Hip Analysis Suite (HAS), PolyWare, Ein Bild Roentgen Analyse (EBRA), and Roentgen Monographic Analysis Tool (ROMAN). RSA was significantly more accurate than the HAS, PolyWare, and ROMAN methods when measuring 2D FHP with a 28 mm femoral head. Femoral head size influenced the accuracy of HAS and ROMAN 2D FHP measurements, EBRA proximal measurements, and RSA measurements in the proximal and anterior direction. The use of different acetabular reference segments did not influence accuracy of RSA measurements. The superior accuracy and reduced variability of RSA wear measurements allow much smaller cohorts to be used in RSA clinical wear studies than those utilizing other software programs. Traditionally, supine anteroposterior (AP) radiographs of the hip are taken at sequential postoperative time points and the FHP measured within the first year is assumed to be part of the bedding-in/creep process and the rate of FHP after the first year is then assumed to represent actual wear of the polyethylene.
Studies investigating the in vivo wear of polyethylene following total hip arthroplasty (THA) use a number of different methods to measure the femoral head penetration (FHP) within the acetabular component. 1, 2 Traditionally, supine anteroposterior (AP) radiographs of the hip are taken at sequential postoperative time points and the FHP measured within the first year is assumed to be part of the bedding-in/creep process and the rate of FHP after the first year is then assumed to represent actual wear of the polyethylene. 1, 3 Computerized software programs have been developed to measure FHP within the acetabular component using a variety of edge-detection techniques to improve identification of the ellipse outline of both the femoral head and metal-backed shell. Commonly used computer software programs include Hip Analysis Suite (HAS, University of Chicago, Chicago, IL), 4 PolyWare (Draftware Developers, Inc., Vevay, IN), [5] [6] [7] Ein Bild Roentgen Analyse (EBRA, University of Innsbruck, Innsbruck, Austria), 8 and more recently, Roentgen Monographic Analysis Tool (ROMAN, Robert Jones and Agnes Hunt Orthopaedic Hospital, Oswestry, UK). 9 In contrast to the other methods of analysis which use standard clinical radiographs, radiostereometric analysis (RSA) utilizes a specialized radiographic set-up of two tubes above a calibration cage, thereby requiring patients to be enrolled in clinical studies. 10 It offers the advantage of simultaneous measurement of FHP in three dimensions, namely the medial-lateral, proximal-distal, and anteriorposterior directions. All measurement methods have improved over time with the enhanced digitization of radiographs and improvements in the software programs. 11, 12 The amount of polyethylene wear of THA articulations involving highly cross-linked polyethylene (XLPE) is significantly less than that of articulations with conventional ultra-high molecular weight polyethylene (UHMWPE). 13 With wear rates below 0.1 mm/yr now commonly being reported, it is important to identify the accuracy of the methods used to measure such small movements. Accuracy, also referred to as bias, 14 is usually defined as the closeness of agreement between a test result and the accepted reference or "true" value. 14, 15 Reports of accuracy are difficult to interpret because of variations between studies in the reference measurement techniques utilized, which include phantom models, scans of retrieved liners, 16 or even comparison against other radiographic measurements methods such as RSA. 17, 18 Accuracy studies also differ in the specific axis investigated, be it proximal, 2D or 3D, as well as in the statistical parameter used to represent error which varies between the mean, median, standard deviation (SD), 95% confidence interval (CI), and root mean square error (RMSE) across studies. As a result of these methodological and reporting differences, the reported accuracy of the measurement methods vary within the literature. For example, the mean error of 3D FHP measurements ranges from 0.005 19 to 0.24 mm 20 for HAS and from 0.022 7 to 0.34 mm 5 for PolyWare. While RSA is widely regarded as the gold standard measurement method, 21 only one study has compared the accuracy of RSA to that of another software program, namely PolyWare, using an in vitro phantom model. 22 A review of some radiographic wear measurement methods attempted to adjust for the different statistical presentations of accuracy by calculating the RMSE for each method from each study's data, reporting an RMSE of 0.065 for RSA, 0.033 for HAS, and 0.025 mm for PolyWare. 1 Two important variables that may influence the accuracy of wear measurements are the use of larger femoral heads and the different representation of the acetabular component within RSA methodology. Larger articulations involving UHMWPE have been shown to have increased volumetric wear rates compared to standard articulations 23 but to date few studies have examined the differences in wear between large and standard articulations involving XLPE. 24, 25 The accuracy of RSA wear measurements were found not to be influenced by head size using a 22 or 28 mm femoral head 26 but larger articulations may influence the accuracy of radiographic measurement methods due to reduced visibility of the acetabular ellipse and, for RSA, fewer beads being visible in the peripheral rim to represent the acetabular component. RSA methodology has evolved over time and there are now a variety of different acetabular reference segments used, including beads in the peripheral edge of the liner, the outer ellipse of the acetabular component, or a combination of both beads and the ellipse. 27 The aims of this study were to use a phantom model: (1) to compare the accuracy of software programs currently used to measure 2D FHP; (2) to determine whether accuracy of these methods is influenced by larger femoral heads; and (3) to determine whether accuracy of RSA measurements are influenced by using different acetabular reference segments.
METHODS

Phantom Model
An acetabular component (56 mm outer diameter, Trilogy, Zimmer, Warsaw, IN) was implanted within a left plastic hemi-pelvis (Sawbones, Vashon Island, WA) with an orientation of 40˚inclination and 15˚anteversion. This hemi-pelvis was attached to a plexi-glass platform (Fig. 1a) . The polyethylene liner (36 mm diameter, Longevity, Zimmer) was reamed to increase the inner diameter to approximately 40 mm prior to implanting 12 RSA tantalum beads (1.0 mm diameter, RSA Biomedical, Umea, Sweden) in the peripheral edge and locking the liner within the acetabular component. A femoral stem (CPT 12/14, Zimmer) with modular 28 mm head was cemented to a brass rod and attached to the translational stage (Models M-460A-xyz and M-UTR-80, Newport Corporation, Irvine, CA). The stage could be moved in three axes with three separate micrometers (DMH-1 Digital Micrometer, Newport Corporation). According to the manufacturer, this translation system is accurate to 1 m and backlash is eliminated by spring loading the moving assemblies against the tips of the actuators. The femoral stem was carefully moved so that the femoral head was initially positioned in the center of the acetabular component. The femoral head was then moved through a series of 17 0.050 mm increments, between 0.000 and 0.200 mm in each of the proximal, medial, and anterior directions as per the methodology used by Iopollo et al., 28 Crockarell et al., 29 and Bragdon et al. 30 Each series of 17 increments was then repeated five times. Plain AP pelvic radiographs and RSA examinations were taken after every movement of the femoral head. The 28 mm femoral head was then replaced with a 36 mm femoral head and the five series of 17 increments were repeated, with radiographic examinations again undertaken after every movement.
RSA Methodology
For all RSA radiographic examinations, a uniplanar RSA setup with two radiographic tubes was used (Fig. 1b) . A roommounted unit (Siemens Ysio Digital System, Siemens AG, Figure 1 . Accuracy phantom jig on table for: (A) AP pelvis radiographs with digital cassette able to be pulled in and out underneath plexiglass platform and (B) RSA radiographs using the room and mobile radiographic tubes above the calibration cage beneath the table.
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Germany) and a mobile radiographic unit (Shimadzu Art analogue mobile machine, Shimadzu Medical Systems Ltd., Tokyo, Japan) were positioned with a 40˚angle between the tubes. The calibration cage (Cage 43; RSA Biomedical) contained two 35 cm Â 43 cm high-resolution digital radiographic cassettes (Agfa CR General plates, Agfa Healthcare, Mortsel, Belgium) each with a 1.6 m focal length to the film. The RSA calibration cage containing both cassettes was aligned to be parallel with the end of the table. The radiographic tubes were exposed simultaneously at 100 kV and 5 mAs. The exposures were digitized with an AGFA Centricity CR SP1001 processor (AGFA Healthcare). Radiographs were analyzed using UmRSA software (v6.0 and UmRSA DICOM link; RSA Biomedical) by one author (SAC). FHP was determined in relation to the acetabular reference segment. There were six different acetabular reference segments used in the study ( (6) only the ellipse itself (RSA Ellipse). In the context of the current study, use of each of these six different reference segments represents a different set of RSA measurements. The medial, proximal, anterior, 2D and 3D FHP was recorded for each different acetabular reference segment used.
Plain AP Pelvis Radiographs
The room-mounted radiographic tube (Siemens Ysio Digital System) was centered on the pubic symphysis and exposed with 60 kV and 5 mAs (Fig. 1a) . The focus film distance was 1.1 m. The collimation included the whole pelvis as per the current clinical protocol (Fig. 1a) . The AP pelvis radiographs were then analyzed using PolyWare (Rev 5, v5.14, Draftware Developers, Inc.), [5] [6] [7] HAS (v8.0.4.3, University of Chicago), 4 ROMAN (v1.70, Robert Jones and Agnes Hunt Orthopaedic Hospital), 9 and EBRA (EBRA-Cup Rel 2003, University of Innsbruck). 8 The 2D FHP was recorded for each method. EBRA measurements of medial and proximal FHP were also recorded. The radiographic cassette for plain radiographs was aligned to be parallel with the end of the table.
Statistical Analysis Accuracy (bias) was calculated as the difference between the radiographic measurement of FHP and the known micrometer movement of the phantom femoral head. The accuracy of each method and for each head size was summarized using the mean accuracy of the five series of seventeen increments (80 increments in total, with five starting positions). The mean and standard deviation (SD) are presented as per current ASTM recommendations 14 as well as root mean square error (RMSE) to enable comparison with earlier publications. The effects of head size and method on accuracy in each axis were investigated using ordinary least squares regression. Interaction terms were assessed in all models. Overall effects were assessed at the 5% level, whereas the post hoc comparisons were assessed at p < 0.001 due to the large number of comparisons. All tests were two-tailed. All analyses were undertaken using SAS v9.3 (SAS Institute, Inc., Cary, NC). Only the EBRA measurements were compared to RSA measurements in the proximal and medial directions.
RESULTS
2D FHP
The mean accuracy and variability of each of the RSA, PolyWare, HAS, EBRA, and ROMAN methods used to measure 2D FHP with either a 28 or 36 mm femoral head is summarized in Table 1 and Figure 3 .
The interaction of head size by method was significant (p < 0.0001). The p-values for post hoc comparisons between each method for each head size used are in Table 2 . There was no difference between any of the six RSA methods irrespective of whether a 28 or 36 mm head was used (Table 2) . When used with a 28 mm femoral head, all RSA methods showed a superior accuracy compared to the HAS (p < 0.0001), PolyWare (p 0.0003), and ROMAN (p < 0.0001) methods (Table 2) , whereas there was no difference between the RSA methods and EBRA. The RMSE of each of RSA measurements using the six different acetabular reference segments ranged between 0.018 and 0.033 mm, whereas that of all other methods ranged between 0.076 and 0.152 mm (Table 1) , indicating less measurement variability with RSA, irrespective of the specific acetabular reference segment used. Measurements made using the ROMAN method showed the largest variability, with an RMSE of 0.136 and 0.152 mm for 28 and 36 mm femoral head measurements, respectively.
With a 36 mm head, RSA had a superior accuracy to HAS, PolyWare, and ROMAN measurements although the difference was not statistically significant. EBRA had a significantly superior accuracy to measure 2D FHP than HAS for both head sizes (p 0.001) but a similar variability (Table 1 ). HAS and PolyWare had a significantly superior accuracy compared to ROMAN with either head size (p 0.0003), whereas EBRA was superior only when using a 28 mm femoral head (p < 0.0001).
For each of the RSA measurements using the six different acetabular reference segments, there were no significant differences in the mean accuracy of 2D FHP between the 28 and 36 mm head sizes (Table 1, Fig. 3 ). Femoral head size significantly influenced the mean accuracy of HAS (p ¼ 0.006) and ROMAN (p < 0.0001) 2D FHP measurements (Table 1) .
Proximal FHP
The mean accuracy and variability of each of the RSA and EBRA methods used to measure proximal FHP with either a 28 or 36 mm femoral head is summarized in Table 3 .
The interaction between head size and method was not significant (p ¼ 0.684). However, the accuracy of proximal FHP measurements was independently associated with head size (p < 0.0001) and with method (p ¼ 0.0009). Proximal measurements of a 28 mm femoral head had a superior accuracy compared to a 36 mm femoral head independent of method used (p < 0.0001). EBRA had an inferior accuracy compared to five of the six RSA measurements independent of femoral head size (p < 0.0001). The variability (RMSE) of proximal measurements was similar across all RSA measurements using different acetabular reference segments. The variability of all RSA measurements were lower than that of EBRA measurements for both femoral head sizes (Table 3) .
Medial FHP
The mean accuracy and variability of each of the RSA and EBRA methods used to measure medial FHP with either a 28 or 36 mm femoral head is summarized in Table 3 .
The interaction of head size by method was significant (p ¼ 0.0003). All RSA measurements had a significantly superior accuracy compared to EBRA using a 28 mm femoral head (p < 0.0001), but not when using a 36 mm head. The variability (RMSE) of medial measurements was similar across all RSA measurements and lower than that of EBRA measurements for both femoral head sizes. Head size significantly influenced the mean accuracy only of EBRA medial measurements (p < 0.0001).
Anterior FHP
The mean accuracy and variability of RSA measurements with different acetabular reference segments used to measure anterior FHP with either a 28 or 36 mm femoral head is summarized in Table 3 . The interaction between head size and method was not significant (p ¼ 0.387). However, the mean accuracy of anterior FHP measurements with a 28 mm femoral head was superior to that with a 36 mm head independent of method (p < 0.0001). There was no statistical difference between any of the RSA measurements using different acetabular reference segments when measuring anterior FHP. The variability (RMSE) of anterior FHP measurements was similar, irrespective of femoral head size or specific acetabular reference segment used.
3D FHP
The mean accuracy and variability of RSA measurements with different acetabular reference segments used to measure 3D FHP with either a 28 or 36 mm femoral head is summarized in Table 3 . The interaction between head size and method was not significant (p ¼ 0.330). 3D FHP was not significantly associated with head size (p ¼ 0.234) or RSA measurements using different acetabular reference segments (p ¼ 0.071).
DISCUSSION
Due to the low in vivo wear being reported for XLPE liners, 13 it is important to understand the differences in the accuracy of the software programs currently used to measure wear. The reported accuracy for each method in the literature varies due to studies using different reference measurements, different directions of wear investigated, diverse statistical presentation of the error, and continuously updated versions of the software methods that incorporate different methods to identify the ellipse. This is the first study that utilizes a phantom hip model to compare the accuracy of the most common software programs, including RSA, to measure FHP. In contrast to the review of radiographic methods by McCalden et al., 1 our study has found RSA measurements of 2D FHP to be significantly more accurate than those of HAS, PolyWare, and ROMAN.
Our results are compared to those of studies that examined the accuracy of radiographic measurements of FHP by comparing these to known movements of hip phantom models with a metal-backed acetabular component (Tables 4 and 5 ). The only other study that has compared the accuracy of RSA to other methods found two model-based RSA software programs to be more accurate and precise than PolyWare 2D FHP measurements. 22 Our results confirm that the accuracy of RSA is superior to that of PolyWare but we found that the variability (RMSE) of PolyWare 2D FHP measurements (0.08 mm) is much lower than that previously reported by Stilling et al. (0.47 mm). 22 Of the five other reports of the accuracy of PolyWare, 5, 7, 20, 31, 32 only one investigated the accuracy of 2D FHP measurements and reported a mean accuracy of 0.15 mm 32 (Table 5 ). This is inferior to our mean accuracy of 0.05 mm but we found a similar variability of measurement error within 0.4 mm. 32 The reported mean accuracy of HAS to measure 2D FHP varies between 0.01 and 0.08 mm in four studies. 4, 19, 29, 33 While the correction of elliptical distortion in the later version of HAS (v8.0.3.0) has been found to significantly improve the accuracy of linear and volumetric wear measurements compared to previous versions, 33 our mean error of 0.03 and 0.06 mm for 36 and 28 mm heads, respectively, was similar to previous reports. In the only report of the accuracy of the ROMAN method, Crockarell et al. 29 reported the median error of HAS (0.075 mm) to be superior to that of ROMAN (0.137 mm) to measure 2D FHP. Our results support that HAS was superior to ROMAN when using a 28 mm femoral head and that ROMAN had a higher variability (RMSE) independent of head size. This is important for users to consider because two studies have reported that ROMAN is more precise than HAS. 9, 34 There is only one previous study that reports the mean accuracy of EBRA to be 0.004 and 0.005 mm in the medial and proximal axes which are similar to our results. However the variability of EBRA 2D FHP measurements was similar to PolyWare and HAS measurements.
Femoral head size significantly influenced 2D FHP measurements using ROMAN and HAS measurements in our study. Head size also significantly influenced the accuracy of EBRA proximal measurements and RSA measurements in the proximal and anterior directions. The accuracy of methods using different sized articulations should be considered when using these software programs to investigate the wear of larger heads. A potential cause for the apparent differences in accuracy between 28 and 36 mm articulations is the projection of the femoral head within the metal backed acetabular component. Therefore, the observed differences may not translate to acetabular components with different densities, such as either less dense cemented components or denser tantalum components, where the visualization of the femoral head ellipse may be compromised. Although the differences in mean accuracy were statistically significant, it should be noted that the mean accuracy was still relatively small. For example, the largest mean accuracy of proximal measurements using EBRA or any of the six RSA methods was 0.013 mm.
RSA methodology measures the center of the femoral head relative to either beads in the polyethylene liner or beads attached to the metal-backed shell, both of which can be used in conjunction with an ellipse algorithm for the acetabular component. The RMSE reported for the medial and proximal axes in our study were very low and similar to four other studies that used UmRSA 27, 30, 35 and a model-based RSA software 22 ( Table 4 ). The model-based RSA software had higher errors in the anterior axis and resultant 3D measurements. 22 Previously, the accuracy of the RSA method was improved when more markers were used to represent the acetabular component 30, 36 but this was not the case in our study. Only one study has and our study confirmed that there was no significant difference in the accuracy using different representations of the acetabular component (Table 4) . Using the ellipse outlines alone does not require the intraoperative insertion of beads with advantages of reduced operation time as well as reduced risk of affecting the mechanical properties of the liner. 37 However, the appearance of beads and the ellipse on clinical RSA radiographs are often not as optimal as on RSA radiographs in our phantom study. As a result, the precision of RSA wear measurements using different acetabular reference segments should be validated for clinical studies. For example, Nebergall et al. 38 have recently reported that precision of RSA is improved if the ellipse of the shell is used in combination with markers in the liner. Future improvements in radiographic acquisition, software, or calibration cage design 39 may further improve accuracy of RSA measurements.
This study has a number of limitations. First, only 2D FHP measurements were compared across all methods because the majority of wear has been reported to occur in the proximal-distal and mediallateral directions, within the anteroposterior plane. 16, 40, 41 Medial, proximal, anterior, and 3D measurements were undertaken and compared between RSA measurements made using six different acetabular reference segments, whereas EBRA measurements were compared to RSA measurements in the proximal and medial directions only. Although PolyWare and HAS also have the ability to measure FHP in the proximal and medial directions, this requires manually adjusting each individual result according to the inclination and version of the acetabular component due to the automated output being oriented with the face of the acetabular component. HAS and PolyWare can measure 3D FHP but require AP pelvis and lateral radiographs taken at different times on the same day. Clinical lateral radiographs have often been found to be inadequate and uneven in exposure 42 and the patient moves between exposures of AP and lateral views. This is likely to result in the femoral head changing position within the acetabular component, leading to a slight difference in the FHP measurement. Recent clinical studies using HAS have not used the lateral radiographs and only measured 2D wear. 25 Second, the precision (reproducibility and repeatability) of measurements were not examined. Double in vivo radiographic examinations taken on the same day, with the assumption no further FHP has occurred between examinations, better represent these measures and should be undertaken in each clinical study as per the guidelines for RSA studies suggested by Valstar et al. 43 Thirdly, the accuracy in our study was measured under ideal conditions with no soft tissue or substitute for soft tissue used. Water was used to simulate soft tissue in a previous study and found to make a negligible difference. 44 Fourth, only one design of acetabular component in one size was used throughout the study. Different coatings and radiodensities of acetabular components have recently been shown to influence the precision of model-based RSA measurements. 45 Furthermore, the orientation of acetabular component was only investigated in one position in our study, which may influence the accuracy of methods due to identification of the ellipse. 31 The positioning of the rim of the metalbacked shell was important as this design has a "cutout" of the rim to allow the locking mechanism of the liner to be reached. The position of this cut-out may mean that very little of the rim is able to be marked on the lateral edge of the acetabular component. Fifth, the position of the acetabular component and femoral head on the radiograph was consistent with the radiographic tube being centered on the pubic symphysis, as higher and lower positioning has previously been shown to influence accuracy of PolyWare and HAS. 46 In conclusion, the accuracy of any given software program influences the sample size required for clinical wear studies. The superior accuracy and reduced variability of RSA wear measurements allow much smaller cohorts to be used in RSA clinical wear studies than those utilizing other software programs. RSA methodology is able to measure wear in all three axes accurately from radiographs taken simultaneously. In clinical studies, RSA therefore reduces the likelihood of additional error being introduced compared to other methods that measure 3D FHP from AP and lateral radiographs where patient movement is likely to occur between radiographs. The specific acetabular reference segment used did not influence accuracy of RSA measurements in our study. Finally, differences between femoral head sizes in the accuracy of FHP measurements made using software programs should be considered prior to using these methods in studies comparing the wear of different sized articulations.
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